The glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs), consisting of GDNF, neurturin, persephin, and artemin, signal via a multicomponent complex composed of Ret tyrosine kinase and the glycosyl-phosphatidylinositol (GPI)-anchored coreceptors GFR␣1-␣4. In previous work we have demonstrated that the localization of Ret to membrane microdomains known as lipid rafts is essential for GDNF-induced downstream signaling, differentiation, and neuronal survival. Moreover, we have found that Ret interacts with members of the Src family kinases (SFK) only when it is localized to these microdomains. In the present work we show by pharmacological and genetic approaches that Src activity was necessary to elicit optimal GDNF-mediated signaling, neurite outgrowth, and survival. In particular, p60Src, but not the other ubiquitous SFKs, Fyn and Yes, was responsible for the observed effects.
The glial cell line-derived neurotrophic factor (GDNF) family ligands (GFLs) constitute a group of structurally related neurotrophic factors: GDNF (Lin et al., 1993) , neurturin (NRTN; Kotzbauer et al., 1996) , persephin (PSPN; Milbrandt et al., 1998) , and artemin (ARTN; Baloh et al., 1998) . The GFLs can support neuronal populations in the CNS and, except for PSPN, a variety of peripheral neuronal populations (Lin et al., 1993; Henderson et al., 1994; Buj-Bello et al., 1995; Ebendal et al., 1995; Oppenheim et al., 1995; Trupp et al., 1995; Kotzbauer et al., 1996; Baloh et al., 1998; Cacalano et al., 1998; Heuckeroth et al., 1998; Horger et al., 1998; Milbrandt et al., 1998) . Analysis of mice deficient for some of the GFLs as well as their receptors (see below) has identified neuronal populations that require GFLs during neural development (for review, see Airaksinen et al., 1999; Baloh et al., 2000) .
GFLs signal via a multicomponent receptor system consisting of the transmembrane receptor tyrosine kinase (Ret), which does not bind GFLs directly, and a high-affinity ligand-binding glycosyl-phosphatidylinositol (GPI)-linked coreceptor (GFR␣). Four coreceptors have been characterized (GFR␣1-␣4) that interact with preferred GFLs to provide ligand specificity, although some degree of promiscuity exists. GDNF interacts mainly with GFR␣1, whereas NRTN interacts with GFR␣2, ARTN with GFR␣3 (Airaksinen et al., 1999; Baloh et al., 2000) , and PSPN with GFR␣4 (Enokido et al., 1998; Lindahl et al., 2000) .
One notable feature of GFR␣s is their targeting to the outer leaflet of the plasma membrane via a GPI anchor (Jing et al., 1996; Treanor et al., 1996) . This property predicts that these coreceptors will partition to detergent-insoluble, sphingolipidrich, and cholesterol-rich membrane microdomains that exist as rafts in the plasma membrane (Simons and Ikonen, 1997; London, 1998, 2000) . The enrichment of these microdomains in signaling proteins such as Src family kinases (SFKs) has led to the hypothesis that these rafts may function as specialized signaling organelles (Anderson, 1998) .
We have shown recently that, to achieve efficient downstream signaling and maximal levels of GDNF-mediated bioactivity, Ret must be recruited to lipid rafts by GFR␣1. Moreover, activated Ret interacts with SFKs only when Ret is recruited to lipid rafts, although the Src-SH2 docking site on Ret is generated after GDNF stimulation irrespective of the localization of the receptor (Tansey et al., 2000) . Thus, these data suggest that SFK may represent proximal signaling elements specifically compartmentalized into lipid rafts that are necessary for maximal downstream signaling of the optimal biological effects of GFLs.
In the present work we investigated the relevance of the Ret-SFK association in GDNF-induced downstream signaling. We found that Src activity was necessary for optimal GDNFmediated Akt and mitogen-activated protein kinase (MAPK) phosphorylation and for neuronal survival and neurite outgrowth. Specifically, p60Src, but not the other ubiquitous SFKs Fyn and Yes, appeared to be the major target for activated Ret. PI-3K activity was necessary for GFL-and activated Srcmediated, but not NGF-mediated, neuronal survival. These data suggest that p60Src was a key proximal element in the signaling cascades initiated by GFLs.
MATERIALS AND METHODS
Neuroblastoma differentiation. Neuro2a neuroblastoma cells, which express Ret, but not GFR␣s, were plated at 70,000 cells/ well in a 12-well plate. C ells were transfected 24 hr after plating by using Superfect transfection reagent (Qiagen, Valencia, CA) with an enhanced green fluorescent protein (EGFP) expression plasmid (C lontech, Palo Alto, CA) and either GPI-GFR␣1 or transmembrane (TM)-GFR␣1 expression plasmids (Tansey et al., 2000) . When indicated, the cells were transfected with either a dominant-negative mutant of Src (catalog number 21-154; Upstate Biotechnology, Lake Placid, N Y) or the corresponding empty vector (Upstate Biotechnology). After 12-16 hr of incubation with the DNA (1.5 g total) the cells were rinsed with standard growth medium (M EM with Earle's salts, 10% fetal bovine serum, nonessential amino acids, 100 U/ml penicillin, and 100 g /ml streptomycin) and were incubated for an additional 24 hr in growth medium. Then the cells were switched to 1% FBS-containing medium supplemented with the indicated amounts of GDN F with 4-amino-5- -amino-7-phenylpyrazol[3,4-d] pyrimidine (PP3, 1 M; C albiochemNovabiochem, San Diego, CA). After 4 -5 d, differentiation was scored by counting cells with neurites longer than two cell bodies present in 20 random fields in duplicate cultures. Counting was conducted by a naïve observer. The data shown are representative of three independent experiments.
Cerebellar granule cell survival. Rat cerebellar granule cell dissection and cultures were performed at postnatal day 7 (P7), as originally described by D'Mello et al. (1993) and as modified by Miller and Johnson (1996) . Granule cell transfection of EGFP with the indicated constructs was performed by using a calcium phosphate protocol (X ia et al., 1996) modified by Moulder et al. (1999) . To quantitate transfection results, we counted the number of initial EGFP-positive cells in designated fields (minimum of 150 cells) of two to four wells in a four-well dish (Nunc, Naperville, IL) per condition at 24 hr after transfection. Cultures were rinsed twice in DM EM and switched to high potassium plus serum (K25ϩS) medium, low potassium without serum medium (K5ϪS), or K5ϪS supplemented with the indicated factors for 48 hr. After this period the number of EGFP-positive cells remaining in the same fields was scored in a blinded manner to obtain the percentage of neuronal survival. As for neuronal differentiation, PP2 and PP3 were used at 1 M. Solvent concentrations (DMSO) never exceeded 0.1%.
Immunoprecipitation. Neuro2a cells transfected with GPI-GFR␣1 or TM-GFR␣1 were stimulated, as were sympathetic neurons, with 30 -50 ng /ml GDN F for 10 min. C ells were lysed on ice in cold coimmunoprecipitation buffer [containing (in mM) 50 Tris-HC l, pH 7.5, 1% Brij 96 or 1% N P-40, 150 NaC l, 1 EDTA, 1 EGTA, 10 NaF, 2 Pafabloc, and 1 Na 2 VO 4 plus 1 g /ml leupeptin and 1 g /ml aprotinin]. C leared lysates were immunoprecipitated with 10 l of a goat anti-Ret antibody (C -19G for CGC s and Neuro2a cells or C -20 for SCGs; Santa Cruz, Santa Cruz, CA) and a mix of Protein A / Protein G agarose conjugates (Life Technologies, Gaithersburg, MD). Immunoblot analyses of Ret immune complexes with a second Ret antibody (C -19G for CGGs and Neuro2a cells or C -20 for SCGs; Santa Cruz) confirmed quantitative immunoprecipitation of Ret. Ret-associated Src family kinase immunoreactivity was detected with specific antibodies against anti-p60Src (N-16; Santa Cruz), anti-Fyn, or anti-Yes (Transduction, Lexington, K Y). For detection of Ret autophosphorylation the cells were lysed and immunoprecipitated as above with a goat anti-Ret antibody, and immune complexes were probed with an anti-phospho-tyrosine antibody (4G10, Upstate Biotechnology).
Western blotting. Neuro2a cells transfected with GFR␣1 or SH-SY5Y neuroblastoma cells treated with retinoic acid for 3 d were stimulated for 10 min with 30 ng /ml GDN F. C erebellar granule cells were maintained for 7 d in K25ϩS medium, deprived for 3 hr in K5ϪS, and then stimulated with K25ϩS for 15 min. When required, a 30 min preincubation step with the indicated doses of PP2 or PP3 was included before stimulation. C ells then were resuspended in 2ϫ SDS-Laemmli sample buffer, boiled, and analyzed by immunoblot with an anti-phospho-p42/ p44 M APK antibody (T202/ Y204) or anti-phospho-Akt (Ser-473) (1: 1000; New England Biolabs, Beverly, M A). Blots were stripped in 2% SDS and 125 mM Tris, pH 6.8, for 30 min at 65°C and reprobed with an antibody against total M APK to confirm equal protein loading. Activation of p60Src was monitored with a phospho-specific antibody to T yr-418 on p60Src (Biosource, C amarillo, CA) that is autophosphorylated when Src is activated.
Sympathetic neuronal cultures and treatments. The superior cervical ganglia from P1 Sprague Dawley rats were dissected, dissociated, and seeded onto collagen-coated 35 mm culture dishes or two-well glass chamber slides (Nunc) as previously described (Martin et al., 1992) . Cultures were maintained in vitro (DIV) in medium (90% M EM, 10% fetal bovine serum, 2 mM glutamine, 20 M uridine, 20 M fluorodeoxyuridine, 100 U/ml penicillin, and 100 g /ml streptomycin) containing NGF (50 ng /ml, AM50). After 5 d the cultures were washed twice with medium without NGF (AM0). AM50, anti-NGF (goat polyclonal, 1:10,000 dilution), NGF in the presence of LY294002 or PP2 (50 and 1 M, respectively), N RTN (50 ng /ml) in the presence of anti-NGF, or N TRN in the presence of anti-NGF with LY294002 or PP2 then was added to the cultures. The neurons were maintained in this medium for 3 d, with one medium replacement after the second day, before fixation and processing for survival assays. Because N RTN supports a higher percentage of survival of SCG neurons, probably reflective of coreceptor expression, N RTN was used rather than GDN F in these survival assays.
Sympathetic neuron survival assays. After the indicated treatments the cultures were washed with ice-cold PBS and fixed for 2 d with 4% paraformaldehyde at 4°C. Then the cultures were washed with deionized water, stained for 45-60 sec in toluidine blue O (1 gm / l), and incubated for an additional 60 sec in deionized water. The cells were dehydrated by using successive 2 min washes in deionized water containing increasing concentrations of ethanol to reach 100%, after which the slides were washed in toluene, and the coverslips were mounted with Permount (Sigma, St. L ouis, MO). Neurons displaying smooth cell bodies that were Nissl-stained were considered alive and were counted. Survival counts were obtained in a blinded manner from duplicate wells from three independent cultures.
RESULTS

Src activity is necessary for GDNF-mediated neurite outgrowth
To test the functional relevance of SFKs in GDNF-induced neurite outgrowth, we used the selective inhibitor PP2, which inhibits all members of the Src family kinases in the nanomolar range in vitro (Hanke et al., 1996) . The structurally related but inactive analog PP3 was used as a negative control in all of these experiments. Neuro2a neuroblastoma cells, which express endogenous Ret but not GFR␣1, were cotransfected with either wildtype GFR␣1 (GPI-GFR␣1) or with a chimeric receptor consisting of the extracellular domain of this coreceptor and the transmembrane and cytoplasmic tail of HLA-B44. This transmembrane version of the coreceptor (TM-GFR␣1) lacks the GPI anchor and therefore does not localize to lipid rafts (Tansey et al., 2000) . At 2 d after transfection the cells were switched to GDNFcontaining medium in the presence or absence of PP2, and the number of neurite-bearing cells was counted after a period of 4 -5 d. In agreement with our previous results, GDNF elicited a potent neuritogenic response in GPI-GFR␣1-transfected cells. The effect was dose-dependent and, at saturating concentrations (30 ng/ml), GDNF supported a four-to sixfold increase in the number of cells with neurites ( Fig. 1 A) . Moreover, the length of neurites was significantly longer in GDNF-treated than in control cells (data not shown). This effect was inhibited significantly by 1 M PP2, whereas PP3 had no effect (Fig. 1 A) . Consistent with our previous work, GFR␣-TM-expressing cells displayed attenuated neurite outgrowth in response to GDNF; however, PP2 did not affect the GDNF-induced neurite outgrowth in these cells.
To test further the hypothesis that SFKs are important in GDNF-induced responses, we cotransfected Neuro2a cells with a dominant-negative mutant of Src and either the GPI or the TM version of GFR␣1. This dominant-negative Src most likely acts as a pan-Src inhibitor because it encodes both K296R and Y528F mutations and, therefore, is able to bind to phosphotyrosine docking sites, but it is unable to phosphorylate downstream targets (Courtneidge et al., 1993) . Again, only the GPI-GFR␣1-expressing cells showed a robust neuritogenic response to GDNF, whereas this biological effect was attenuated in TM-GFR␣1-transfected cells. Consistent with the results obtained with PP2, inhibition of SFK activity by the dominant-negative construct resulted in a significant reduction in the number of neuritebearing cells as compared with the mock-transfected cells (Fig.  1 B) . This reduction was not observed in the TM-expressing cells, consistent with the fact that Ret is not able to interact with SFK when activated by the transmembrane version of GFR␣1 (Tansey et al., 2000) . Taken together, these data indicate that SFK activity was necessary for GDNF-mediated neurite outgrowth via wildtype Ret-GFR␣1.
SFK activity is necessary for GDNF-mediated neuronal survival
We also investigated whether SFK activity was necessary for another Ret-mediated function, neuronal survival. To test this hypothesis, we used cerebellar granule cells (CGCs), which survive in a medium containing high potassium (25 mM) plus serum (K25ϩS) but undergo apoptosis in low potassium (5 mM) medium without serum (K5ϪS) (D'Mello et al., 1993) . Cultured cerebellar granule cells do not express either Ret or any of the GFR␣ coreceptors, allowing for reconstitution of this receptor system by transfection with defined (wild-type or mutant) components (M. Tansey and E. M. Johnson, unpublished observations). As expected, cotransfection of Ret and GFR␣1 is sufficient to elicit a dose-dependent increase in GDNF-mediated cell survival (Tansey et al., 2000) . Concentrations as low as 0.3 ng/ml of GDNF in K5ϪS medium supported ϳ30% maximum survival; the effect was maximal at 30 ng/ml, reaching levels comparable with those obtained in K25ϩS medium (Fig. 2 A) . However, the addition of PP2, but not PP3, to the GDNF-containing medium significantly inhibited the survival-promoting effect. In contrast, PP2 did not have any effect on the survival elicited by K25ϩS medium, indicating that the cell death observed in the presence of this compound was not caused by nonspecific toxicity. Furthermore, SFK activity was not required for the survival-promoting activity of depolarization and serum (Fig. 2 A) . Consistent with this finding, depolarization-induced MAPK (data not shown) and Akt phosphorylation were unaffected by the addition of PP2 (Fig. 2C ), although they were affected by LY294002 treatment. Similar effects on survival were obtained when a plasmid coding for a dominant-negative form of Src was used instead of PP2 (Fig. 2 B) . Moreover, PP2 also inhibited GDNF-mediated survival in rat sympathetic neurons, which express both Ret and GFR␣1 (see below).
p60Src, but not Fyn or Yes, interacts with activated Ret
We and others have demonstrated previously that activated Ret interacts with a member or members of the SFK (Melillo et al., 1999; Tansey et al., 2000) . In particular, we have detected pan-Src immunoreactivity in Ret immunoprecipitates only when the activated Ret complex is associated with lipid rafts. Moreover, a Src-SH2 probe is able to precipitate Ret in GDNF-stimulated, but not control, Neuro2a lysates (Tansey et al., 2000) . A critical question was to determine which members of the SFKs interact with Ret under these conditions. To address this, we performed Ret coimmunoprecipitation experiments in Neuro2a cells transfected either with the GPI-GFR␣1 or the TM-GFR␣1 and stim- Figure 1 . Src activity is necessary for GDNF-mediated neurite outgrowth. A, Neuro2a neuroblastoma cells transfected either with the GPIlinked or the transmembrane (TM ) version of GFR␣1 were treated with GDNF in the presence of the SFK inhibitor PP2 (1 M), the structurally related but inactive analog PP3 (1 M), or neither (NA). After 4 DIV the cells with neurites longer than two cell bodies were counted as described in Materials and Methods. B, Neuro2a cells were cotransfected with either the GPI-linked or the transmembrane (TM ) version of GFR␣1 and either a plasmid coding for a dominant-negative mutant of Src (DN Src) or the empty expression vector (Mock). Cells were treated with the indicated concentrations of GDNF, and neurite outgrowth was assessed as in A. Each condition was performed in triplicate. The results shown represent the means Ϯ SEM (n ϭ 3). ulated with GDNF. Then the immune complexes were resolved by SDS-PAGE and probed with specific antibodies against p60Src, Fyn, and Yes, the three ubiquitous SFKs (Thomas and Brugge, 1997) . As shown in Figure 3A , p60Src was found to be associated with Ret only in GDNF-stimulated cells expressing GPI-GFR␣1. However, neither Fyn nor Yes was associated significantly with Ret under any of the experimental conditions (Fig.  3B,C) . Only small amounts of Fyn and Yes immunoreactivity were detected after longer exposures of the film but were negligible when compared with the amount of these proteins in total extracts, indicating that only a minor fraction of these proteins was associated with the activated receptor complex (Fig. 3B,C) . To test whether an association between Ret and p60Src also occurred in rat sympathetic neurons, we stimulated SCG neurons with GDNF, immunoprecipitated Ret, and subjected the immune complexes to p60Src immunoblotting. Similar to Neuro2a cells, p60Src coimmunoprecipitated with Ret only in GDNFstimulated extracts from SCG neurons, suggesting that this association was phosphotyrosine-dependent. In contrast, neither Fyn nor Yes coimmunoprecipitated with Ret (Fig. 3D ) despite the fact that significant levels of these proteins were detected in total lysates from these neurons. Thus, the effects of PP2 and dominant-negative mutants of Src on neuronal differentiation and survival were attributable primarily to the inhibition of p60Src, but not Fyn or Yes, activity.
p60Src becomes activated after GDNF stimulation
The ability of the SH2 domain of Src to precipitate Ret in a phosphotyrosine-dependent manner (Tansey et al., 2000) suggests that the interaction of Ret with Src may activate Src kinase activity. Intramolecular interactions between the SH2 domain and the phosphorylated tail of SFKs maintain their inactive or "closed" conformation. Displacement of this interaction by SH2-binding phosphotyrosines in activated receptors leads to SFK activation (Thomas and Brugge, 1997; Abram and Courtneidge, 2000) . To address whether GDNF can activate Src tyrosine kinase activity, we immunoprecipitated Ret from GPI-or TM-GFR␣-expressing Neuro2a cells, and we probed immune complexes with an antibody that specifically recognizes Src only when it is phosphorylated in tyrosine 418. This residue, located in the Src tyrosine kinase domain, is autophosphorylated when Src is activated (Abram and Courtneidge, 2000) . As shown in Figure 4 , Src became phosphorylated on Tyr-418 only in GDNF-stimulated, wild-type GFR␣1-expressing cells, indicating that only in this condition was Src activated. Thus, as expected, the interaction of Ret with Src led to the activation of the tyrosine kinase activity of Src.
The SFK inhibitor PP2 blocks GDNF-mediated Akt and MAPK phosphorylation
The decreased ability of nonraft-associated Ret to promote differentiation and survival of a mislocalized Ret correlates with diminished downstream signaling, as measured by Akt and MAPK phosphorylation (Tansey et al., 2000) . Therefore, we investigated whether Src inhibition also resulted in decreased phosphorylation of these signaling molecules. Neuro2a cells transfected with wild-type GFR␣1 were stimulated with GDNF in the presence of PP2 or PP3, and the amount of phosphorylated Akt and MAPK was assessed by using phospho-specific antibodies. PP2, but not PP3, inhibited both Akt and MAPK phosphorylation in GPI-GFR␣1-transfected cells (Fig. 5A) . Note that 1 M PP2 produced significant, but not complete, inhibition of GDNFinduced Akt phosphorylation (see below). As expected, the induction of phosphorylation of both Akt and MAPK in TM- (n ϭ 4) . B, CGCs were cotransfected with Ret and wild-type GFR␣1 and either a dominant-negative Src mutant (DN Src) or the corresponding empty expression plasmid (Mock). After 48 hr in culture, cell survival was evaluated as in A. C, Depolarizationinduced Akt phosphorylation in CGC is unaffected by PP2. Cerebellar granule cells were maintained in K25ϩS medium for 7 d, deprived for 3 hr in K5ϪS, and then stimulated for 15 min with K25ϩS. Where indicated, a preincubation step with either PP2 or PP3 (both at 1 M) or LY294002 (30 M) was included before stimulation. Whole-cell lysates were probed with anti-phospho-Akt antibodies as described in Materials and Methods. Equal amounts of protein were loaded in each condition. The data shown are representative of two independent experiments. expressed cells was attenuated but was not affected by PP2 or PP3 (data not shown), consistent with the fact that the activated Ret complex in GFR␣1-TM-expressing cells is not in lipid rafts and, therefore, does not interact with SFKs (Tansey et al., 2000) . We also tested the effect of PP2 in the SH-SY5Y neuroblastoma cell line, which expresses Ret and GFR␣1 after exposure to retinoic acid. As shown in Figure 5B , PP2 caused a dose-dependent decrease in the state of phosphorylation of both Akt and MAPK, suggesting that the involvement of SFKs in GDNF-mediated signaling was a generalized event.
Because PP2 is able to inhibit EGFR directly, although with a 100-fold higher IC 50 than SFKs (Hanke et al., 1996) , we tested whether PP2 was eliciting the observed effects via SFK inhibition or via a direct inhibition of the kinase activity of Ret. Neuro2a cells transfected with the GPI version of GFR␣1 were stimulated with GDNF in the presence of 1 M PP2 or PP3, Ret was immunoprecipitated, and the level of tyrosine phosphorylation was analyzed by Western blotting. The addition of PP2 had a negligible effect on the autophosphorylation of Ret (Fig. 5C) , which was not likely to account for the inhibitory effects of PP2 on downstream signaling and bioactivity. Higher concentrations (5 M) of PP2, however, significantly inhibited Ret phosphorylation (see below).
GDNF-dependent survival of granule neurons requires PI-3K and Src activities
The PI-3K/Akt pathway has a pivotal role in cerebellar granule neuron survival (D'Mello et al., 1997; Dudek et al., 1997; Miller et al., 1997) . To test whether PI-3K activity was necessary for GDNF-mediated survival, we maintained Ret-and GFR␣1-expressing granule cells in the presence of the PI-3K-selective inhibitor LY294002 (30 M). This inhibitor completely prevented the survival-promoting activity of GDNF, indicating that PI-3K activity was necessary for GDNF-induced survival of these cells (Fig. 6) . To investigate further whether Src was promoting cell survival via a PI-3K-dependent pathway or whether both PI-3K and Src contributed to this biological effect via independent mechanisms, we transfected granule cells with a constitutively active mutant of Src (CA Src). As shown in Figure 6 , this mutant was able to promote a partial rescue in the absence of any trophic support, but this rescue was prevented completely by LY294002. The inability of CA Src to promote survival as efficiently as GDNF may reflect the lack of scaffolding and membrane localization provided by association with the Ret signaling complex, or it may be attributable to the requirement of additional GDNFactivated signaling molecules upstream of PI-3K. This observation, together with the reduction of Akt phosphorylation by PP2 (see Fig. 5 ), suggests that Src maintained cell survival by modulating the activation of the PI-3K/Akt pathway.
Src activity is necessary for GFL-mediated, but not NGF-mediated, survival of granule and sympathetic neurons
We next investigated whether the requirement for SFK activity in survival promotion was specific to Ret-mediated survival or also was involved in TrkA-mediated survival. Granule cells transfected with TrkA did survive in K5ϪS medium supplemented with NGF. However, PP2 did not affect NGF/TrkA-mediated survival (Fig. 7A) , suggesting that SFKs do not have a major role in survival promotion by this neurotrophic factor.
To determine whether primary neurons that normally express Ret and GFR␣s required Src and PI-3K activities for GFLdependent survival, we examined the NRTN-mediated survival of sympathetic neurons from the superior cervical ganglion. After being maintained in NGF for 5 DIV, sympathetic neurons were switched to medium containing NRTN in the presence or absence of LY294002 or PP2. Compared with NGF, NRTN saved ϳ50% of the neurons after 3 d, in contrast to neurons that had been switched to medium containing no factors (Fig. 7B) . Inhibition of PI-3K with LY294002 completely blocked the NRTNdependent survival. In contrast, PI-3K inhibition had only modest effects on NGF-mediated survival. In fact, NRTN-maintained neurons treated with LY294002 died with the same time course as NGF deprivation, suggesting that PI-3K completely accounted for the survival-promoting ability of NRTN on sympathetic neurons. Figure 5 . The SFK inhibitor PP2 blocks distal, but not proximal, GDNFmediated signaling. A, Neuro2a cells transfected with GFR␣1 were stimulated with 30 ng/ml GDNF for 10 min. When indicated, the cells were preincubated with either PP2 or PP3 (1 M) for 30 min. Then total lysates were resolved by SDS-PAGE and probed with phospho-specific antibodies against Akt and MAPKs. B, SH-SY5Y cells, which endogenously express both Ret and GFR␣1 after retinoic acid treatment, were stimulated with GDNF and increasing concentrations of PP2. Total lysates were resolved by SDS-PAGE and probed with phospho-specific antibodies against Akt and MAPKs. The data shown are representative of two to three independent experiments. C, Neuro2a cells transfected with wild-type GFR␣1 were stimulated with 30 ng/ml GDNF for 10 min. When indicated, the cells were incubated with PP2 or PP3 (1 M) for 30 min before stimulation. Ret was immunoprecipitated, and the level of autophosphorylation was assessed by Western blot (top). The filter was stripped and reprobed with anti-Ret antibody to assess equal protein loading of the lanes (bottom) . IP, Immunoprecipitation; IB, immunoblot. Figure 6 . Src promotes CGC survival via a PI-3K-dependent mechanism. CGCs either were cotransfected with Ret and GFR␣1 or were transfected with a constitutively active mutant of Src alone (CA Src). In the first case the cells were maintained with K25ϩS, K5ϪS, or K5ϪS containing 30 ng/ml GDNF alone or in combination with 30 M LY294002. Cells transfected with CA Src were maintained in K5ϪS medium alone or K5ϪS containing 30 M LY294002. After 2 d in culture, cell survival was assessed as described in Materials and Methods. Each condition was performed in duplicate. The results shown represent the means Ϯ SEM (n ϭ 3).
Src inhibition with 1 M PP2 also decreased NRTN-mediated survival ( p Ͻ 0.01), in contrast to NGF-dependent survival in which PP2 had no effect (Fig. 7B) . As in granule neurons, treatment with PP2 (1 M) had little effect on Ret phosphorylation (Fig. 7C) , although higher doses of PP2 (5 M) were more effective in blocking Ret activation. Because sympathetic neurons were treated with only 1 M PP2 to avoid substantial inhibition of Ret itself, Src activity was not inhibited completely (data not shown) at this concentration in sympathetic neurons, similar to SY5Y cells (see Fig. 5B ), leading to less death than was observed in granule neurons. In this regard, 1 M PP2 did not prevent GDNF-mediated survival in CGCs completely as compared with the dominant-negative mutant of Src (see Fig. 2 A,B) , indicating that the inhibitor did not block Src activity completely. In conclusion, consistent with data from granule neurons, GFLs promoted survival in sympathetic neurons via activation of PI-3K in a, at least partially, Src-dependent manner.
DISCUSSION
In a previous study we demonstrate that localization of Ret to lipid rafts is necessary for optimal GFL-mediated differentiation and survival responses as well as for maximal downstream signaling. One suggested explanation for this observation is the requirement of important protein-protein interactions between Ret and raft-associated signaling molecules to elicit full GFLmediated responses. In particular, SFKs interact with Ret only when the receptor is localized in these membrane microdomains (Tansey et al., 2000) . In the present work we showed that SFK activity was necessary for both differentiation and survival events elicited by GFLs, indicating that this interaction was biologically important. Moreover, the reduced bioactivity observed after SFK inhibition (achieved by two independent approaches) correlated with a decrease in the state of activation of both Akt and MAPK pathways, providing a possible mechanism by which Src could be driving these biological effects. We identified p60Src as the specific member of the SFK that interacted with activated Ret. Interaction with Ret correlated with the activation of p60Src, as measured by phosphorylation of Src at Tyr-418. The survivalpromoting effects of Src were mediated via a PI-3K-dependent mechanism, because LY294002 blocked GFL-activated and activated Src-dependent cell survival in multiple neuronal types. Finally, Src was involved in GFL-mediated, but not NGFmediated, neuronal survival in two different primary cultures, suggesting that the families of factors use different pathways to promote neuronal survival. In summary, these data indicate that Src was a key proximal-signaling molecule in the transduction cascades initiated by GFLs and provide an explanation as to why compartmentalized signaling in lipid rafts was necessary to achieve efficient neuronal survival and neurite outgrowth. or medium containing NRTN in the presence of 1 or 5 M PP2. Neurons treated with 1 or 5 M PP2 and NRTN also were pretreated with that same concentration of PP2 for 30 min before the NRTN addition. The cultures were washed, Ret was immunoprecipitated from each condition, and the immunoprecipitates were subjected to phosphotyrosine immunoblotting. C, Sympathetic neurons (5 DIV) were deprived of NGF, maintained in NGF alone or in the presence of LY294002 (50 M), PP2 (1 M), or both, or switched to medium containing NRTN (50 ng/ml) alone or in the presence of LY294002 or PP2. The sympathetic neurons were maintained for an additional 3 d, with one medium change, after which they were fixed and toluidine blue O-stained; the number of surviving neurons was determined in a blinded manner.
Role of Src in cellular differentiation
The first biological effect modulated by Src activity that we measured was neurite outgrowth. The addition of PP2 or transfection with a dominant-negative form of p60Src markedly reduced the number of neurite-bearing cells. Inhibition of Src did not affect TM-driven differentiation, indicating that the role of Src was to enhance rather than to mediate entirely the neuritepromoting effect of GDNF. Thus, one hypothesis was that the differences between GPI-and TM-induced differentiation were attributed almost exclusively to the presence or the absence of Src activity, i.e., in the localization, or not, of the activated Ret/ GFR␣ complex to lipid rafts.
The role of Src in cellular differentiation has been investigated primarily by infection with the Rous sarcoma virus (RSV), which expresses the oncogenic variant v-Src. These studies reveal that the function of Src on differentiation depends mainly on the cellular context. In many cell types such as avian myoblasts, retinoblasts, or chondroblasts, expression of v-Src results in the abrogation of differentiation responses (Muto et al., 1977; Yoshimura et al., 1981; Crisanti-Combes et al., 1982; Alema and Tato, 1987) . In some neuronal cell types, however, expression of v-Src induces differentiation. Avian sympathetic neuroblasts infected with RSV stop proliferating and differentiate by extending neurites and expressing neuronal markers (Haltmeier and Rohrer, 1990 ). In PC12 pheochromocytoma cells the expression of v-Src causes morphological differentiation that mimics the effects of NGF by different criteria (Alema et al., 1985; Thomas et al., 1991) . Thus, the effects of overexpression of the viral form of Src may not necessarily reflect an involvement of its cellular counterpart c-Src in neuronal differentiation.
Src promotes neuronal survival via a PI-3K-dependent pathway
In contrast to the well established roles of Src in cell cycle control, cell movement and adhesion, and cell differentiation (Thomas and Brugge, 1997) , the role of Src in survival has remained elusive. Early experiments performed with v-Src reveal that its expression in certain cell types rescues these cells from apoptosis that is induced by cytokine withdrawal (Anderson et al., 1990; McCubrey et al., 1993) and the loss of extracellular matrix adhesion (Frisch and Francis, 1994) . The role of the cellular homolog c-Src, however, is less well documented. Perhaps the most compelling evidence for the involvement of c-Src in cell survival comes from a recent report by Wong et al. (1999) . In this work osteoclasts derived from Src Ϫ /Ϫ mice show an impaired TRANCE-mediated survival response with respect to wild-type osteoclasts. Interestingly, this reduction in survival correlates with a decreased ability of TRANCE to activate the Ser/Thr kinase Akt, the anti-apoptotic function of which is well established (for review, see Datta et al., 1999) . This finding extended to IL-1-and LPS-induced Akt activation, suggesting that the mechanism may represent a general pathway in cytokinemediated survival (Wong et al., 1999) . Thus, Src may activate PI-3K that, in turn, activates Akt and ultimately promotes cell survival (see Schlessinger, 2000) . Consistent with this hypothesis, our results show that Src inhibition resulted in a blockade of Akt phosphorylation and marked attenuation of neuronal survival induced by GFLs. Accordingly, in our model the PI-3K inhibitor LY294002 abolished GDNF-and NRTN-mediated survival in granule and sympathetic neurons, respectively. Therefore, we speculate that the survival-promoting effects of GFLs likely were mediated through p60Src via the PI3K pathway. Consistent with this model, we found that a constitutively active mutant of Src partially rescued CGCs from death in K5ϪS medium and that this effect was blocked completely by the PI-3K inhibitor LY294002, suggesting that the survival-promoting effects of Src were mediated principally by PI-3K. The relevance of the PI-3K/ Akt pathway in GDNF-mediated survival occurs in other neuronal models such as spinal cord motor neurons (Soler et al., 1999) . Consistent with this, sympathetic neurons were completely dependent on PI-3K for the survival-promoting effects of NRTN. This is in contrast to NGF-mediated survival of sympathetic neurons, which rely on additional signaling pathways in conjunction with PI-3K for survival (Philpott et al., 1997; Virdee et al., 1999; Tsui-Pierchala et al., 2000) . Thus, signaling pathways mediating survival are not only cell type-specific, but in neurons they may also be growth factor-and receptor-specific.
Specificity of Ret-SFK interactions
The selectivity of the interaction between Ret and p60Src, but not Fyn or Yes, perhaps was somewhat surprising, given the high degree of functional redundancy that analysis of mice deficient in these proteins has revealed (for review, see Lowell and Soriano, 1996) . However, the specificity of protein-protein interactions between a given member of the SFK and certain receptors is not unprecedented. For example, Lyn interacts specifically with Fc⑀RI in basophils (Sheets et al., 1999) , and LAT (linker of activation of T cells) specifically binds to the T cell receptor (TCR) (Harder and Simons, 1999; Janes et al., 1999) . Moreover, similar cellular functions may be mediated by different SFKs depending on cell type, as is the case for Fyn, but not Src or Yes, in the morphological differentiation of oligodendrocytes (Osterhout et al., 1999) . Thus, although p60Src was the major target for activated Ret in sympathetic neurons and Neuro2a neuroblastoma cells, other SFKs might have interacted with Ret, depending on the cellular context. Finally, our work supports a model in which the requirement for SFK activity is specific for GFL/Retmediated neuronal survival and suggests that SFK members are unlikely to have a central function in survival responses elicited by NGF/TrkA signaling.
